INTRODUCTION
One of the steady tendencies in the development of power-engineering systems is the transition to the small-scale distributed power-engineering with active use of local types of biofuel including wastes of local productions, in particular, of wood processing and agricultural profuction (Makarov et al., 2012; Duraeva, 2004; Kovalnogov, 2015) . These wastes are processed into fuel pellets (granules or briquettes) usually by shredding them, heat treating (drying), and pressing with or without addition of binding components (Sikkema et al., 2011) . In these cases, the drying of raw materials, which is the most power-consuming and long process, considerably determines the quality (grade) and the cost of fuel pellets that can differ considerably.
According to the available estimates, the mechanical and chemical incomplete combustion in burning low-grade fuel agropellets (obtained from straw, peelings of grain, 
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KEY WORDS : low-grade fuel, fl ue gases, boiler, pellets, recirculation, modeling buckwheat, sunfl ower seeds, etc.) can reach 55 wt.%. For burning wood pellets it can reach 19%. Incomplete burning leads to an excessive consumption of pellets and to deterioration of the fuel effi ciency of a boiler plant. The incomplete burning of agropellets is especially critical because of the herbicides and other hazardous substances contained in the pellets. These substances worsen the ecological indicators of a boiler installation.
The technology being proposed provides for the reduction of the incomplete burning of low-grade pellets down to 3-4%, improvement of fuel effi ciency and of ecological purity of a pellet boiler plant due to the use of recirculating fl ue gases for pellet enrichment. In essence, the technology of enrichment of low-grade fuels removes the fuel preparation procedure just before loading them in the furnace chamber. This arrangement makes it possible to decrease the total cost of the technology. At the same time, there are additional benefi ts which are fuel preheating and its saturation with combustible components just before burning. Active scientifi c researches and design developments in the fi eld of low-grade biofuels enrichment are being carried out now in Germany and Italy. However, the results achieved remain practically unpublished because of commercial secret.
The problems of mathematical modeling of the kinetics of heat and moisture processes and saturation of the capillary-porous of pellets with a recirculating gas are considered in this article. Also the developed mathematical model, calculation procedure, and some results of numerical investigation of fuel pellet state parameters in the course of enrichment with recirculating gases are presented.
Mathematical modeling and numerical investigation were made to obtain the data needed for the development of the technology of pellet enrichment with recirculating fl ue gases. These data will help to defi ne the modes of the process of effective enrichment. According to the approach described in (Kovalnogov et al., 2016) , mathematical modeling was carried out on the basis of the conjugate solution of nonstationary thermal conductivity and moisture transfer problems.
PHYSICAL MODEL OF FUEL PELLETS ENRICHMENT WITH RECIRCULATING FLUE GASES OF A BOILER PLANT
The general view of the pellet boiler installation equipped with the module of fuel pellet enrichment with recirculating fl ue gases is shown in Fig. 1 . Fuel pelletes from loading bunker 1 on conveyer 3 are delivered to working chamber 5 of the module of pellet enrichment. In the same chamber, fl ue gases taken from furnace chamber 6 are fed through pipe system 8. In working chamber 5 heating and drying of fuel pellets is carried out by the heat of fl ue gases. These processes are accompanied by simultaneous saturation of pellet capillary-porous space with fl ue gases, with synthesis gas formation.
Periodically from working chamber 5, by means of the conveyer (not shown in the fi gure) and electric drive 4, the enriched pellet fuel moves to furnace chamber 6. Con-trol of electric drives 2 and 4 of the conveyers and also of the fl aps of pipe system 8 of fl ue gases recirculation is carried out by controlling automatic equipment 7 that processes signals from the pressure and temperature sensors set in working chamber 5 and furnace chamber 6, and the fuel level sensors set in chambers 5, 6 and in bunker 1. For practical implementation of this control it is necessary to authentically evaluate the kinetics of the heat and humidity state of pellets and saturation of its capillary-porous space with gases in the course of enrichment.
The problem was formulated for one representative pellet fed to the working chamber of the module of pellets enrichment (Fig. 2) .
It is required to calculate the variation in time of the following parameters for all reference points i, j, k (the number of points is determined by the needs of calculation accuracy, can range from 10 3 to 10 6 ):
• temperature gradient, grad T i, j, k ;
FIG. 1:
The general view of the pellet boiler installation equipped with the module of fuel pellet enrichment with recirculating fl ue gases: 1) loading bunker; 2) wheel drive feeding pellet fuel; 3) conveyer; 4) wheel drive feeding enriched pellets; 5) working chamber of enrichment module; 6) furnace chamber; 7) automatic control unit of recirculation of fl ue gases; 8) harness system of fl ue gases recirculation; 9) boiler
• saturation time τ c (to achieve the desired moisture content W c at all points);
• total fl ow of moisture from the pellet surfaces G;
• weight of moisture evaporated in the drying process M;
• thermal capacity required for evaporation of moisture Q 1 ;
• the amount of heat consumed for evaporation of moisture Q τ1 ;
• thermal capacity required for heating pellets Q 2 ;
• the amount of heat consumed for heating pellets Q τ2 ;
• the total heat fl ow to the surface of the pellets Q;
• total amount of heat spent on the enrichment of pellets Q τ ;
• the maximum values of parameters, grad W i, j, k and grad T i, j, k ;
• the location of points with maximum values of these parameters and time points measured from the start of the pellet enrichment process, which are achieved in these maximum values.
The pellet rib size AB (see Fig. 2 ) is further denoted as L y , the rib size AE, as L z , and AD, as L x . The velocity u of gas fl ow over pellet is directed along the z axis. Each calculation point has a triple index i, j, k, where i ranges from 1 to n x , j from 1 to n y , and k from 1 to n z . Here n x , n y , and n z are the numbers of calculation points along the x, y, and z axes, respectively. We also introduce the notation for pellet surfaces: ABCD -1; EFGH -2; AEHD -3; BFGC -4; ABFE -5, and DCGH -6.
The process parameters (modes) of pellet enrichment and the individual characteristics of the selected representative pellet were modeled in calculations by assignment of individual working parameters of the gas (and its changes in time), as well as of other boundary conditions separately for each surface of the pellet.
FIG. 2:
The scheme of modeling the kinetics of the heat and humidity state of a pellet and saturation of its capillary-porous space with a gas
MATHEMATICAL MODEL OF THE KINETICS OF STATE OF A FUEL PELLET IN THE PROCESS OF ENRICHMENT WITH RECIRCULATING FLUE GASES
The mathematical formulation of the problem involves the simultaneous solution of the thermal conductivity problem, moisture problem, and the problem of saturation of the capillary-porous space. The differential equation of thermal conductivity has the form [see, for example, (Bolgarsky et al., 1975) 
where x, y, z are the Cartesian coordinates (see The thermophysical properties of a pellet (ρ, c, λ) are determined with account for its humidity (at each calculated point in every time instant calculated) and with regard to the temperature dependence. The initial condition for the differential equation of thermal conductivity (1) is formulated as
where T 0 is the initial temperature [K] . The boundary conditions (at 0 τ > ) are
at 0
Here α is the coeffi cient of heat transfer from the gas in the working chamber of the enrichment module to the pellet surface [W/(m 2 ·K)]; T f l is the gas temperature near the lth surface of the pellet [K] ; g w is the vapor mass fl ux from the surface of the pellets at the considered point [kg/(m 2 ·s)]; r w is the latent heat of vaporization of moisture (in the average temperature range from the initial temperature T 0 to the working chamber temperature) [J/kg] . Using the analogy between the processes of thermal conductivity and viscous liquid movement in the capillaries, we will present the differential equation of moisture transfer in the form
Here W is the moisture content [kg/m 3 ] and D is the coeffi cient of fl uid diffusion in the pellet material [m 2 /s].
The initial condition for the equation of moisture (9) has the form
where W 0 is the initial moisture content of the fuel pellet. The boundary conditions (at 0 τ > ) have the form
at 
at
( )
Here β The lower numerical index at the parameters β and C f indicates that they belong to one of the six surfaces of the pellet.
DIFFERENCE EQUATIONS, CONVERGENCE OF FINITE-DIFFERENCE APPROXIMATION, AND CALCULATION OF BOUNDARY CONDITIONS
Using an explicit difference scheme of second-order approximation of space variables and the fi rst-order approximation to time (Gortyshov et al., 1993) , we have obtained the difference equations of thermal conductivity and moisture transfer for standard (internal) and any special (located on the surfaces, edges, and corners of a pellet) calculation points of a pellet, as well as the expressions for the convergence step for all calculation points. As an example, we give a differential equation of moisture transfer recorded for the internal points of the fuel pellet:
The following notation was used in obtaining the moisture difference equation: W and W ' denote the water content at the analyzed point at the moments τ and τ + Δτ , respectively [kg/m 3 ]; Δx, Δy, and Δz are the steps of uniform difference mesh along the coordinate axes x, y, and z, respectively [m]. The lower (triple) integer index characterizes the belonging of these parameters to the respective calculation point. The parameters provided with a half-integer index are defi ned as the average value of the parameters at the respective reference points. The limit value of step for convergence of the moisture equation numerical integration for the interior points is given as 
The integration of the system of differential equations is performed with the minimal step selected to be calculated for all points in relation to the two differential equations (thermal conductivity and moisture) of the model. Calculation of the boundary conditions is performed at time τ + Δτ successively for each calculation point on all six surfaces of the pellet l (l = 1-6). Calculation of the boundary conditions is performed immediately before the defi nition of the temperature , , 
where fl T is the temperature of the recirculating gas near the lth surface of the pellet at the moment τ + Δτ .
The time dependence of the temperature of the heating gas to each surface of the pellet is determined by the enrichment process mode and the working chamber parameters. This dependence is given as a table or a function. The partial vapor pressure of the gas in the working chamber for the lth surface of the pellet is [Pa] / 100
where ϕ l is the recirculating gas relative humidity near the lth surface of the pellet. It is determined at time τ + Δτ from the initial data. The partial vapor pressure at the surface of the pellet is [Pa] 461.9
FORMULAS FOR DETERMINING THE PARAMETERS OF PELLET STATE AND THE TRANSFER COEFFICIENTS
The calculation of the required parameters of the state of a fuel pellet is carried out from Eqs. (24)- (34). The porosity of the pellet is
where W max is the limiting moisture content (the maximum possible mass of water per unit volume of pellet) [kg/m 3 ]; ρ w is the water density (average over the temperature range from the initial temperature T 0 to the enriched pellet temperature) [kg/m 3 ].
The fraction of pellet volume taken by moisture at the initial time is
where W 0 is the initial (before being fed to the enrichment module) moisture content of the pellet [kg/m 3 ]. The fraction of the pellet volume occupied by moisture at each moment is , , , ,
The fraction of pellet volume taken by the gas is , , , , gi j k i j k
The relative volumetric pellet shrinkage in each computational element at each moment is ( )
The density of the enriched pellet in each computational element at each moment
where e The method of determining the diffusion coeffi cient of the liquid is described in (Kovalnogov et al., 2011) . The calculation of heat and moisture transfer coeffi cients is performed for each point immediately before the determination of the temperature , ,
ALGORITHM OF MODELING THE KINETICS OF THE FUEL PELLET STATE IN THE PROCESS OF ENRICHMENT WITH RECIRCULATING FLUE GASES
The proposed mathematical model (1)- (16) The program package is completed with databases on the thermophysical properties of pellet materials, gases, and water, taking into account the temperature dependence. The algorithm of operation of a computing kernel of the program package is illustrated by the fl owchart in Fig. 3 .
Testing of the program package and checking the adequacy of modeling the results of heat and humidity state of a pellet were carried out in two stages. Some results are given in Figs. 4 and 5, respectively.
FIG. 3:
Flowchart of an algorithm of calculation of the kinetics of the heat and humidity state of a pellet and saturation of its capillary-porous space with a gas At the fi rst stage, a calculation grid is optimized and the accuracy of obtaining a numerical solution of problems depending on the quantity of calculation points is analyzed. For this purpose we modeled the process of one-dimensional nonstationary thermal conductivity of a pellet as a continuous body with constant thermophysical properties. For these conditions there is an exact analytical solution (Luikov, 1968) .
In these calculations, the pellet surfaces 1, 2, 3, 4 (see Fig. 2 ) are assumed to be thermally insulated; on two remained surfaces the heat transfer coeffi cients are set as α 5 = α 6 = 300 W/(m 2 ·K) and temperature of recirculating gas ( (Luikov, 1968) ; ০, numerical solution of the proposed model; 1) τ = 300 s; 2) 600; 3) 900; 4) 1200; 5) 1500; 6) 1800; 7) 2100; 8) 2400; 9) 2700; 10) 3000; 11) 3300; 12) 3600
FIG. 5:
Comparison of the pellet surface temperature T w with a tabulated temperature of "wet" thermometer: line, calculation by the proposed model (temperature of the gas (air) T f = 313 K, pressure p = 0.1 MPa, the relative humidity φ = 0.82%); ○, psychrometric tabulated data [adapted from (Luikov, 1978) ] Fig. 4 ) it follows that in the considered conditions the relative error of numerical calculation of temperature does not exceed 0.07%. At the second stage, calculations were carried out for pellets as a capillary-porous body which is located in the air environment in conditions for which there are psychrometric tables intended for the defi nition of humidity of the environment according to indications of "dry" and "wet" thermometers (see Fig. 5 ).
Until there is an evaporation of moisture from all surfaces of the pellet (there are no drained sites), the temperature of a surface has to coincide with the temperature of the "wet" thermometer. The temperature of the "wet" thermometer was determined with the help of the psychrometric tables by the values of the parameters of a recirculating gas (the temperature T f and relative humidity φ) set in the basic data for calculation.
The divergence of the results of comparison of calculations of temperature of the pellet surface by the proposed model with a tabular temperature of the "wet" thermometer did not exceed 0.6% (see Fig. 5 ).
RESULTS OF NUMERICAL MODELING OF THE KINETICS OF THE FUEL PELLET STATE IN THE PROCESS OF ENRICHMENT WITH RECIRCULATING FLUE GASES
With the use of the developed program package, a series of numerical experiments that model the process of enrichment of a fuel pellet with recirculating gases were carried out. Some results of these computing experiments are shown in Figs. 6-12. The relative coordinate ( )
is plotted on the horizontal axis in the graphs of Figs. 6-9. The results have revealed a number of regularities and characteristics of the process of drying and warming up of pellets depending on the parameters of a recirculating gas.
The analysis of the results obtained shows that the fi elds of temperature and moisture content in a pellet are signifi cantly three-dimensional; at the same time at the warming-up stage of the pellet the nature of distribution of temperature over the thickness in its central part qualitatively differs from the distribution on the periphery.
In the central part the temperature profi les (see Fig. 6 ) and moisture content (see Fig. 7 ) are convex and on the periphery the profi le of the temperature becomes concave (see Fig. 8 ). At the same time, the moisture content profi le still remains convex (see Fig. 9 ). The convex profi le of temperature at fi rst sight (from position of one-and even two-dimensional model of a heat and mass transfer) seems paradoxical as the removal of heat from the surface is followed by a simultaneous increase in the pellet temperature.
However, the data analysis corresponding to the peripheral sections of pellets (see Figs. 8 and 9) shows that the heat supply to a pellet at this stage occurs on peripheral sections which are drained fi rst. Then heat is led out to the central region by thermal conductivity in the pellet body. During rather long period (in the considered condi- tions about 3 h) the temperature fi eld in the central part of the pellet remains uniform and practically does not change (the temperature is maintained close to the temperature of the "wet" thermometer). Only after the beginning of drainage of the peripheral part of the pellet surface, the temperature at center begins to increase. The largest speed of drainage takes place in the area of the pellet corners. It can be seen on the diagrams provided in Figs. 10 and 11 that a change in the temperature does not depend on the relative coordinate on a similar path, unlike the change in the pellet moisture content. Drainage in the kernel of a pellet happens more slowly in comparison with the periphery. The computing experiment during the varia-tion of the recirculating gas parameters showed that the pellet temperature and humidity of gas have a signifi cant effect on the drying process duration (see Fig. 12 ).
The results of investigations will be used for developing new, and enhancing the operation, technological processes of preparation of low-grade solid fuel for boiler plants. 
CONCLUSIONS
• The technology of enrichment of low-grade solid propellant pellets with recirculating fl ue gases of boiler plant is suggested. In essence, the technology of enrichment of low-grade fuels makes it possible to exclude the fuel preparation procedure just before loading it in the furnace chamber. This arrangement allows one to reduce the total technology cost. At the same time the additional benefi ts are fuel preheating and its saturation with combustible components just before burning. • The mathematical model of the kinetics of the heat and humidity state of fuel pellets in the course of enrichment with recirculating gases is formulated and the technique of numerical analysis is developed which in a complex make a theoretical basis for the investigation of the process of enrichment of pellets and development of energy effi cient technical and technological solutions.
• The problem-oriented sofware has been developed for modeling the kinetics of heat and humidity state of a fuel pellet, providing a possibility, on the basis of a computing experiment, of developing decisions on the organization of technological process of pellet enrichment and on the choice of the optimum modes of equipment operation.
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FIG. 12:
Infl uence of temperature T f and humidity ϕ of the recirculating gas on the duration τ c of complete drying of a fuel pellet: 1) T f = 573 K; 2) 373; 3) 333
